We examined statistical correlations between the frequencies of seven proposed nucleosome positioning motifs and the densities of repetitive sequences in the human genome. For both parametric and non-parametric measures of statistical correlations there is a tendency for repetitive sequence density to be negatively correlated with the density of R/Y-based nucleosome positioning motifs, while being positively correlated with that of W/S-based motifs. These results largely hold even when motifs are examined only within repeat-filtered sequences. The RRRRRYYYYY motif and its 5-base shift YYYYYRRRRR, in particular, is over-represented in the human genome; and its negative correlation is consistently present at different regions and at different length scales. For some other nucleosome positioning motifs, the relationship with repeats can be regional or length scale dependent. Considering the importance of nucleosome formation in epigenetic regulations, these results may provide new insight to the evolution of repetitive sequences.
Introduction
After double helix, nucleosome provides the next level of physical structure for DNA molecules (the chromatin structure) that play an important role in gene regulation [1] [2] [3] . With the chromatin being accessible at the promoter region, sequence is well positioned with nucleosome downstream from the promoter [4, 5] . It has been long recognized that some DNA segments have a higher affinity to the nucleosome core histones, perhaps due to their own intrinsic bending, than other segments [6] . This observation led to many proposals of the nucleosome positioning motifs (NPM) (other names are also used, such as nucleosome core sequence pattern, nucleosome positioning code, etc.) which presumably cause certain DNA sequences to be located in the nucleosome core (as versus linker), at specific positions with respect to the central "dyad" region of the two-round wrapping of DNA around histone octamer. These motifs only increase the nucleosome positioning probability, and do not necessarily dictate absolute presence of them (or absolute absence of others) in the nucleosome cores. To cite from ref. [7] , "you can position all of the nucleosomes some of the time and some of the nucleosomes all the time, but you can't position all the nucleosomes all of the time".
A major focus of NPM is to examine what sequences are preferred in the major and in the minor groove. This would define a sequence pattern which spans 5 basepair positions. Two types of these spacingof-5-base motifs were proposed. One is the R/Y-based (R for purine: A or G, Y for pyrimidine: C or T), carving two segments from the … YRNNNRYNNNYR… sequence [8] around the two grooves: YRNNNRY and RYNNNYR (N for any nucleotide base). In this paper, these two patterns are written as the motif [YR-3-RY, RY-3-YR]. The motif YR-3-RY reads: a YR dinucleotide followed by any three bases, then followed by a RY dinucleotide. Another motif is the W/S-based (W for weak: A or T, S for strong: C or G), written as [WW-3-SS, SS-3-WW] [9] . The WW-3-SS is actually a more general motif than the originally observed [AA,TT,TA]NNNGC [10] , i.e., either AA, TT, or TA dinucleotide followed by any three bases, then followed by the GC dinucleotide.
One extension of the above two types of short motifs (5 bases spacing or 7-mer or heptamer) is by a tandem repeat of them, leading to a periodicity of ten. For example, a tandem repeat of the W/S-based motif would lead to [WW-8-WW, SS-8-SS]; these two motifs are out of phase by 5 bases. In fact, the [AA,TT]NNNNNNNN[AA,TT] pattern is a main result in ref. [9] , though the peak-to-peak distance does not always stay at 10 bases. Trifonov and Sussman uncovered the periodicity of 10.5 bases for dinucleotides [AA,TT] , [GG,CC] , TA, and TG [11] , with the first three belonging to the W/S-type.
The recent genome-scale sequencing of nucleosome core DNA has generated large amount of data and provided fertile ground for testing ideas on NPM [12] [13] [14] [15] [16] . In particular, Trifonov's group suggested GRAAATTTYC as a most recent "finale" of the long-searched "chromatin code" [17] [18] [19] . This decamer motif and its two degenerate parental motifs, RRRRRYYYYY and SSWWWWWWSS (also the derived ones from tandem repeat followed by shift) are all mergers of the R/Y-based and W/S-based spacing-of-5 motifs mentioned early.
Human genomes are full of repetitive sequences [20] which occupy at least 50% (e.g., [21] ) of the genome (it is even suggested that they may occupy as much as 2/3 of the genome [22] ). It is natural to ask whether a relationship exists, if any, between NPM and repetitive sequences [23] . In an ongoing work, we examine the effect of repetitive sequences on the observed periodicities of [RRRRRYYYYY, YYYYYRRRRR] (D. Sosa, P. Miramontes, W. Li, V. Mireles, J.R. Bobadilla, M.V. José, unpublished results). Here we analyze the statistical correlations between the density of NPMs and the density of repetitive sequence directly. Obviously, there are only three possible relationships between the two: negative correlation, positive correlation, and no correlation (or statistically insignificant correlations).
The main technical obstacle in answering the posed question is that composition/density of any sequence type/motif may depend on the length scale at which the density is calculated. In a simple form, even base composition may depend on window size such that a [G,C]-rich domain can contain [G,C]-poor subdomains [24] . We will deal with this problem by directly testing correlations at different length scales, as well as by a more systematic approach of wavelet transformation, particularly useful for capturing multiple scales at once. Due to the large number of calculations and tests, we will start by examining one human chromosome (chromosome 20) in more detail. Then these analyses will be extended to the whole genome. [8] , whose density in chromosome 20 is 0.067 copies per base if overlapping motif is prohibited (0.10 if overlapping is allowed). Note that YR-3-RY is not only a 5-base shift in a RY-3-YR tandem repeat, but also a reverse complement pattern of RY-3-YR.
2.1.1. YR-3-RY and RY-3-YR density is negatively correlated with the repetitive sequence density
We consider both heptamers YR-3-RY and RY-3-YR, so the definition of the motif is independent from which strand is used, and whether the 5-base move is from major to minor groove or from minor to major groove. At the 1 kb window level, the repetitive sequence density and R/Y-based heptamer density is not significantly correlated (Pearson correlation coefficient (cc) is −0.0016 with p-value 0.69, and nonparametric Pearson correlation coefficient −0.0090 with p-value 0.029).
At larger window sizes, however, it is increasingly clear that the two are negatively correlated, as summarized in Table 1 (A) (left columns) (Note: the notation (e.g.) 5E-7 means 5 × 10
−7
). We combine the two consecutive windows into one to move to the next length scale, from 1 kb window size to 2 kb, then to 4 kb, etc. The magnitude of the negative correlation, for both Pearson and Spearman correlation, gradually increases. Despite the loss of sample size (number of windows), the statistical significance still increases from p-valuẽ 10 −2 at 2 kb to p-value~10 −15 to 10 −17 at 32 kb to 64 kb. Then for even larger window sizes, the significance is reduced as the number of samples is reduced, though the magnitude of negative correlation increases. Fig. 1(A) shows the scatter plot of number of repetitive sequence bases per kb (x-axis) and number of copies of [YR-3-RY, RY-3-YR] motif per kb for chromosome 20. There are 232 points (a point is a 256 kb window) in Fig. 1(A) . The points/windows in the left, middle, or right 1/3 of the sequence are labeled by green, blue, and red colors, respectively. Linear regression lines for all points and for the three groups of points are shown. Although all three groups show negative regression slopes with somewhat comparable significance, the third group spans a wider range of repetitive sequence densities (with more windows at low repetitive sequence densities). This indicates a spatial heterogeneity between different chromosome regions.
Regional variation of the correlation
Both the sign of the correlation and its regional variation along the chromosome has been confirmed by an independent wavelet analysis (see Table S1 of the Supplementary material).
Calculating [YR-3-RY, RY-3-YR] density in repeat-filtered sequence
To further understand the source of the negative correlation, we cal- i.e., in the sequence after the repetitive sequences are filtered/removed. Windows with 100% repetitive sequences are discarded. Table 1 (A) (right columns) shows that the correlation between NPM density and repetitive sequence density remains negative, with comparable magnitude of cc and p-values. The scatter plot in Fig. 2(A) shows this trend more directly at the 256 kb window size.
Human chromosome 20, [WW-3-SS, SS-3-WW] motif
The second NPM we examine is the [WW-3-SS, SS-3-WW] [9] whose density in chromosome 20 is 0.06 copies per base if the next motif is at least 7 base away from the current one, but 0.085 if overlapping is allowed. Note that SS-3-WW is not only a 5-base shift of the SS-3-WW tandem repeat, but also a reverse complement pattern of WW-3-SS.
WW-3-SS and SS-3-WW density is positively correlated with the repetitive sequence density
Direct calculation of correlation coefficient, both Pearson's and non-parametric Spearman's, at different window sizes, shows that [WW-3-SS, SS-3-WW] density is positively correlated with the repetitive sequence density (Table 1(B) ). The statistical significance is the best (p-value is indistinguishable from zero) at smaller window sizes, mainly because there are more samples. However, the magnitude of the correlation coefficient increases with the window size. This simultaneous increase of correlation coefficient and decrease of statistical significance with the increase of length scale has been previously observed in other applications [25] .
Regional variation still exists
We show the scatter plot for window size 256 kb in Fig. 1(B) . The points from the first, second, and last 1/3 of the chromosome are labeled by green, blue, and red colors, respectively. Linear regression of motif density over repetitive sequence density in the three non-overlapping subsets show that the positive correlation mainly originates from the third subset, which contains windows with low repetitive sequence density (and these low repetitive sequence density windows have low motif density). Similar conclusion by wavelet analysis can be found in Table S2 of the Supplementary material.
Density of [WW-3-SS, SS-3-WW] motif in repeat-filtered sequence is not consistently correlated with the repetitive sequence density
When [WW-3-SS, SS-3-WW] motif is obtained from the unique sequence (repeat-filtered/removed sequence), its density becomes negatively correlated with the repetitive sequence density at smaller window sizes (2 kb-16 kb), as shown in Table 1 (B). This reversal from positive to negative correlation at these length scales hints that repetitive sequence itself contains the relevant NPMs. However, at larger window sizes, the correlation is back to positive (though less significant) (Table 1(B) ).
The scatter plot in Fig. 2(B) shows that the situation is more complicated. Compared to Fig. 1(B) , the points in region-3 are still lowrepeat-density and low-NPM-density in unique sequence. However, the flat trend for the remaining points in Fig. 1(B) begin to have a negative trend in Fig. 2(B) . A single correlation coefficient value cannot describe the nonlinear relationship between the two densities, and the sign of the correlation may depend on the repetitive sequence density. Table 1 (C) shows a very strong positive correlation between WW-8-WW and repetitive sequence density at small window sizes. The corresponding wavelet-based analysis is in Table S3 of the Supplementary material. However, it does not mean lack of heterogeneity. Fig. 1(C) shows that there are more low-repeat-density and low-motif-density windows in the last 1/3 of windows (at window size of 64 kb). Without these windows, the strength of the positive correlation between WW-8-WW and repetitive sequence density would be weaker.
As an [A,T]-rich motif, WW-8-WW is expected to be less common in [G,C]-rich regions. We would like to check whether the repetitive sequences tend to be more [G,C] rich. In chromosome 20, the [A,T]-content in unique sequences is 0.553 which is indeed lower than that in repetitive sequence, 0.564. But this is a very small difference, and its expected effect on WW-8-WW density is only by a ratio of 0.564 4 /0.553 4 = 1.08. This ratio is too small to account for the drop of WW-8-WW density in low-repeat-density regions. The relationship between [G,C]-contents of unique and repetitive sequence at the 100 kb window level was plotted in Fig. 3 of ref. [26] , and besides systematic deviation between the two, the [G,C]-contents in the two types of sequences are generally matched.
Positive correlation remains when WW-8-WW motif density is calculated from the unique sequence
When WW-8-WW density is determined from the repeat-filtered sequence, its correlation with the repetitive sequence density remains positive (Table 1(C), Fig. 2(C) ). Both the magnitude of cc and p-value do not seem to be altered very much.
Human chromosome 20, [RRRRRYYYYY, YYYYYRRRRR] motif
The [RRRRRYYYYY, YYYYYRRRRR] motif is a more recently proposed NPM whose density in chromosome 20 is 0.0035 copies per base. Interestingly, this observed density is much higher than the expected by the random sequence model (see Table S8 of the Supplementary material). Note that the reverse complement of RRRRRYYYYY is itself (i.e., palindromic).
Decamer [RRRRRYYYYY,YYYYYRRRRR] density is negatively correlated with the repetitive sequence density A tandem repeat of [RRRRRYYYYY, YYYYYRRRRR] contains the [RY-3-YR, YR-3-RY] motif with NNN replaced by [YYY, RRR]. One may consider [RRRRRYYYYY, YYYYYRRRRR] as a longer, but more specific example of [RY-3-YR, YR-3-RY].
The result in Table 1 (D) shows a very strong and statistically significant negative correlation between [RRRRRYYYYY, YYYYYRRRRR] and repetitive sequence density, at almost all length scales examined. Fig. 1(D) shows the scatter plot between the two at window size of 64 kb, marked by whether the window is from the first 1/3, middle 1/3, or the last 1/3 of the chromosome. And Fig. S1 shows the spatial fluctuation of both densities along chromosome 20, as well as the position-scale heatmap by the wavelet transformation.
Different from the similar scatter plots in Figs. 1(A-C) , the negative correlation in Fig. 1(D) is consistently observed in all regions (there are exceptions, however, such as an outlier, visible in both Fig. 1(D) and Fig. S1 , where a very high motif density appears in a high repetitive sequence density window). The negative slopes of linear regression in the three segments have similar magnitude and similar p-values. The consistent negative correlation is also observed in a wavelet-based correlation calculation (Table S4 of the Supplementary material).
Negative correlation remains when [RRRRRYYYYY, YYYYYRRRRR] motif density is calculated from the unique sequence
Table 1(D) shows that neither the magnitude nor the p-value of correlation between [RRRRRYYYYY, YYYYYRRRRR] density and repetitive sequence density are much affected, when the NPM density is calculated from the repeat-filtered sequences. Fig. 2(D) shows a scatter plot at the 64 kb window size. When it is compared with the similar plot in Fig. 1(D) , the correlation is weaker and much less significant.
Human chromosome 20, other NPMs
Besides the four proposed NPMs analyzed so far: [ Tables S5,S6 ,S7 of the Supplementary material). This summary cannot characterize the whole range of complexity of the correlation analyses, as the results may differ at different length scales, between parametric and non-parametric correlation, and between the magnitude of correlation and statistical significance.
The positive correlation between [YR-8-YR, RY-8-RY] and repetitive sequence density is intriguing, as it provides an exception to negative correlation between densities of repetitive sequences and that of R/Y-base NPMs. However, if the NPM density is calculated only within unique sequences, the correlation with the repetitive sequence density becomes negative (and the correlation is statistically very significant). When we take a close look of the correlation by a scatter plot in Fig. 3 (at window size of 64 kb), the [YR-8-YR, RY-8-RY] density is essentially independent of the repetitive sequence density for windows in the first region. For points in the second region, removing an outlier changes the cc= 0.005 (p-value =2 × 10 ). Both are very weak correlations. Only for the last 1/3 of the chromosome is the positive correlation more significant (cc = 0.0038, p-value = 7 × 10 − 6 ). These observations show that regional heterogeneity may affect the sign of the correlation. Table 2 is intended to summarize a large number of results which are all based on consecutively doubling of window sizes from 1 kb to 8.192 Mb. Note that very high percentage of all windows are used (second column in Table 2 ) in the correlation analysis (the filtering criterion being that 90% of bases within the window are typed), with the only low percentages being in acrocentric chromosomes (13, 14, 15, 21, 22) 
Combining all chromosomes into one dataset for correlation analysis
When windows from all chromosomes are combined to one analysis, due to the increase of sample size, statistical significance for testing zero correlation is expected to improve (smaller p-values). Since there is only one single correlation calculation between a NPM and repetitive sequence density, heterogeneity between chromosomes will be a factor. All the signs of correlation obtained in chromosome 20 data are confirmed in the combined genome-wide data (see Tables  S9-S15 of the Supplementary material). Fig. 4 shows the scatter plot of four NPM densities versus repetitive sequence densities at the window size of 256 kb, with the genomewide data. Comparing Fig. 4 with Fig. 1 , the negative correlation with the two R/Y-based NPMs (Figs. 4(A, D) ) and positive correlation with the two W/S-based NPMs (Figs. 4(B, C) ) are confirmed. The scatter plot for [RRRRRYYYYY, YYYYYRRRRR] is particularly interesting: despite the negative trend followed by the majority of the points, there is a minority trend for high repetitive sequence densities and high NPM densities.
Discussion
In principle, there could be three types of NPMs using binary symbols: those based on R/Y, W/S, and on M/K (M for amino, C or A, K for keto, G or T). The first two types have been studied in this paper, but not the M/K-based ones. One simple explanation is that 
Table 2
Correlation between the seven NPMs and repetitive sequence in 22 human autosomal chromosomes. The "+" ("−") mean positive (negative) correlation; "−/+" means negative correlation at smaller window sizes but positive correlation at larger window sizes; "[ns]" means the correlation is not statistically significant (p-value >0.01). none such motif has been proposed. W/S-based motifs are closely related to the thermodynamic stability of the double helix DNA molecule. R/Y-based motifs, due to the difference of nucleotide sizes (R is larger than Y) and the limitation of physical space, are intrinsically related to the bending and rigidity of the DNA molecule. If a M/K-based motif exists, it could be either due to interactions between keto bases (G or T) and the histones, or related to the fact that keto bases have two alternative forms of the structure (keto vs. enol form). The total number of copies of a NPM in the genome provides important information on how much this NPM may contribute to the nucleosome positioning. It is estimated that 20% of the human genome [15] , around 600 Mb, or even more [27] , are occupied by nucleosome with stable positioning. In order for repeating [RRRRRYYYYY, YYYYYRRRRR] motif to cover the 600 Mb region, 60 to 120 million copies of them are needed. When only 9 million copies (or 3% of the genome) are actually observed (Table S8) , several consequences can be expected.
One is that it is less likely to observe the periodicity-10 signal as there would not be enough copies of the motif to repeat tandemly (D. Sosa, P. Miramontes, W. Li, V. Mireles, J.R. Bobadilla, M.V. José, unpublished results). Another consequence of lower number of copies of a NPM is that instead of a densely packing of the NPM in nucleosome regions, we may only need a few NPM per nucleosome, while other factors contribute to the positioning. For example, it is suggested in ref. [28] that barriers near a gene's promoter region may help the positioning of nucleosomes. It raises the question of the importance of not only a particular proposed NMP in nucleosome positioning, but also of roles played by DNA sequence in general.
We are not aware of previous studies on the correlation between NPMs and repetitive sequences. In ref. [29] , an experimentally obtained nucleosome signal is plotted within and around (up to 1 kb) the Alu element. The goal of this experimental study is very different from ours as it is centered around the Alu element and within a much smaller length scale (the peak-to-trough distance is 200 bp). Even if we know where the nucleosome signal is located within an Alu element, we still do not know whether the presence of Alu sequence increases the nucleosome positioning probability in that region, though Alu elements were claimed to confer nucleosome positioning in vitro [30] .
Besides treating Alu as a subgroup, there are also subgroups within Alu. There are roughly 40 different Alu sequences such as AluJb, AluSx, AluY, AluSx1, each of which with more than 100,000 copies. The AluY sequence is in a relatively younger group [31] . There are also human-specific branches of Alu, i.e., Yc1, Ya5a2, Yb9 [32] , with much lower frequencies. Preliminary analyses show that most of our results between NPM densities and repetitive sequence densities hold true for Alu or AluY densities also. However, the correlation with densities of W/S-based NPMs may become negative.
In ref. [33] , the autocorrelation function of CG dinucleotide is calculated for the original and the repeat-masked sequence. Peaks at distances of 31 and 62 bps disappear in the repeat-masked sequence, but at the same time, new peaks at distances 10 and 21 appear. In that paper, any peak at a multiple of 10 bp is considered to be a nucleosome positioning signal, then such signal is present in both Alu and non-repetitive sequences. The authors of ref. [33] suggested that Alu elements might play a role of "anchor" for nucleosomes, which is reminiscent of the barrier idea in ref. [15] . If both positive and negative correlations exist between NPMs and repetitive sequence density, it indicates nucleosome positioning information can be enriched either in repetitive sequences or in unique sequences. Whether more repetitive sequences in a genome increase or decrease the probability for nucleosome positioning may provide insight on the evolution of repetitive sequences [34] . Most repetitive sequences are transposable elements caused by at least three mechanisms [35] and are particularly abundant in sexual organisms [36] . As a major force in expanding the higher organisms' genome including the human's [37] , it must have an effect on the genome function [38] [39] [40] [41] [42] [43] [44] . But most of the focus concerning impact of repetitive sequences is on the genomic instability introduced, genetic innovation accompanied by the extra DNA sequences [41] , and gene expression or regulatory networks [45] . Discussion on repetitive sequences' impact via nucleosome formation was mostly in promoter region [46, 47] .
The results in this paper hint that repetitive sequences can also have subtle and complicated impact to nucleosome-forming potential by either increasing or decreasing NPM density in repetitive sequence regions. This effect can be small, and may be detectable only in local regions with extreme densities of repetitive sequence.
Detection of sequence signal or statistical correlation between any two sequence measures can always be more complex than the apparent calculations. First, stratifying sequence data by controlling other quantities can much weaken a signal or a correlation. For example, the periodicity of R-7-R [48] or WW-8-NWW motifs [49] around a CpG dinucleotide can be absent if the CpG dinucleotide is located in a [G,C]-rich and unmethylated CpG island. Second, when multiple sequence measures are pairwisely correlated, the cause-effect relationship between these measures intrinsically affect conditional correlation result [50] . The idea that repetitive sequences have relevant evolutionary impact on higher organisms only under certain conditions was discussed in ref. [51] . Whether the correlation between NPM and repetitive sequence densities discussed here can disappear by conditionaling on other sequence measures worth future studies.
Materials and methods

Human DNA sequence data
The GRCh37/hg19 (Feb. 2009) version of the human genome sequence is downloaded from UCSC's genome browser (http:// hgdownload.cse.ucsc.edu/goldenPath/hg19/chromosomes/). Repeat sequences are marked as lowercase in the file as versus the uppercase letters for unique sequences. For specific repetitive sequence family, we use the rmsk.txt file from http://hgdownload.cse.ucsc. edu/goldenPath/hg19/database/ which lists the starting and ending positions of 5.298 millions occurrence of more than 1300 different types of repetitive sequences.
Motif countings
For some NMPs, whether overlapping motifs are counted as more than one copy or not will change the counting value. For example, WW-3-SS may overlap with another WW-3-SS shifted by one base position, while we may consider both to contribute to one NPM. The countings for the NMP density calculation in Table S8 , however, are all obtained by shifting one position.
Motif density in unique sequences
For a window with N bases (e.g. N = 1000), N not , N rep , N uniq are the number of bases that are not sequenced, part of a repetitive sequence, or not part of the repetitive sequence (thus part of the unique sequence), and N = N not + N rep + N uniq . During the quality control stage, windows with sequencing rate (N not /N ≤ 0.9) are discarded, so for almost all windows used, N not = 0. Denote n and n uniq as the number of copies of a NPM in the window and in the unique sequence within the window, respectively, then n/(N rep + N uniq ) is the NPM density, and n uniq /N uniq is the NPM density in the unique sequence.
Statistical methods
Pearson's and Spearman's statistical correlation and the corresponding tests were carried out by the cor.test function in R (http://www.r-project.org/), with the option method = "pearson" (default) or method = "spearman". Spearman's correlation is simply a Pearson's correlation by replacing the raw data with its ranking values. Kendall's correlation coefficient is, like Spearman's correlation, another non-parametric measure of correlation, defined as (# concordant pairs − # discordant pairs) /( n(n − 1) / 2), and can be calculated by the above R function with method = "kendall".
Wavelet analysis
Wavelet transformation [52] provides an alternative way in dealing with correlation analysis at different length scales. We adopt the R routines plot.pair.wavelet used in ref. [25] with the Haar wavelet basis, which requires the installation of two R packages: Rwave [53] and wavethresh [54] .
